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Abstract

Background About 30% of vegetables in China are
produced in intensively managed greenhouses com-
prising flood irrigation and extreme rates of nitrogen
fertilizers. Little is known about denitrification N
losses.

Methods Soil denitrification rates were measured
by the acetylene inhibition technique applied to
anaerobically incubated soil samples. Four different
greenhouse management systems were differenti-
ated: Conventional flood irrigation and over-fertiliza-
tion (CIF, 800 kg N ha™!, 460 mm); CIF plus straw
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incorporation (CIF+S, 889 kg N ha™!, 460 mm); Drip
fertigation with reduced fertilizer application rates
(DIF, 314 kg N ha™!, 190 mm); DIF plus straw incor-
poration (DIF+S, 403 kg N ha™!, 190 mm). Soil deni-
trification was measured on nine sampling dates dur-
ing the growing season (Feb 2019-May 2019) for the
top-/ subsoil (0 — 20/ 20- 40 cm) and on three sam-
pling dates for deep soils (40-60/ 80-100 cm). Data
was used to constrain N-input-output balances of the
different vegetable production systems.

Results Rates of denitrification were at least one
magnitude higher in topsoil than in sub- and deep
soils. Total seasonal denitrification N losses for the
0 — 40 cm soil layer ranged from 76 (DIF) to 422 kg
N ha~! (CIF+8S). Straw addition stimulated soil deni-
trification in top- and subsoil, but not in deep soil
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layers. Integrating our denitrification data (0-100 cm)
with additional data on N leaching, N,O emissions,
plant N uptake, and NH; volatilization showed, that
on average 50 % of added N fertilizers are lost due to
denitrification.

Conclusions Denitrification is likely the dominant
environmental N loss pathway in greenhouse vegeta-
ble production systems. Reducing irrigation and fer-
tilizer application rates while incorporating straw in
soils allows the reduction of accumulated nitrate.

Keywords Denitrification - Fertilization -
Irrigation - Straw - Nitrate - N balance

Introduction

Of the vegetables produced in China, about 30 % are
grown in intensive greenhouse production systems
(Hu et al. 2017), which currently cover 4.67 million
ha (Fei et al. 2018) and are expanding at an annual
growth rate of 10% (Guo et al. 2012a, b). Farmers
typically apply nitrogen (N) fertilizer (synthetic and
manure) in two cropping seasons per year at rates
that exceed plant requirements by a factor of 4 — 5,
amounting to >2000 kg N ha=! yr~! (Fan et al. 2014;
Yang et al. 2016). Moreover, traditional flood irriga-
tion is usually used, which is up to 1200-1600 mm
per year and is 2-3 times higher than plant demand
(Lv et al. 2019). This practice promotes high N leach-
ing losses, resulting in the contamination of ground-
water with nitrate (Lv et al. 2019; Qasim et al. 2021;
Zhu et al. 2005), and leading to major health risks
for the local population. In the vegetable produc-
tion areas of Shandong province, China, 70-80 % of
well water taken from as deep as 110 m exceeded the
NO;~ drinking water standard (above 10 mg N L")
(Lin et al. 2011; Zhu et al. 2005). The conventional
farmer practices drive not only high nitrate leach-
ing but also high N losses from soils in the gaseous
phase, partially in the form of the greenhouse gas
nitrous oxide (N,0) (Qasim et al. 2021; Yao et al.
2019; Zhao et al. 2021a, b). To mitigate the environ-
mental impacts, alternative fertilizer and water man-
agement practices have been proposed, including the
reduction of N application and irrigation rates and/
or the use of drip fertigation schemes, which have
been shown to reduce environmental N losses from
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greenhouse vegetable systems (Liang et al. 2020; Yao
et al. 2019).

In addition to the unsustainable use of high
amounts of fertilizer and water resources, greenhouse
vegetable production is challenged by low soil organic
carbon (SOC) content, which is created partially due
to the way the greenhouses are typically constructed.
This involves the removal of the topsoil, which is then
used as the north-facing back wall of the greenhouse,
which allows winter vegetable production without
heating. Topsoil removal leaves the subsoil exposed,
which is naturally depleted in SOC. Low SOC con-
tent not only negatively affects soil nutrient retention
but also results in low soil respiration rates (Liu et al.
2014), which causes greenhouse CO, concentrations
in the midday to drop below atmospheric concentra-
tions and ultimately limiting crop production (Wang
et al. 2019; Wittwer 1990). Thus, approaches to
improve the sustainability of vegetable production in
greenhouse systems aim to reduce fertilization rates
and water demand and to increase the soil SOC con-
tent. This has led to research in switching manage-
ment practices from flood to drip irrigation (and fer-
tigation) and to the investigation of straw and biochar
application to improve SOC. (Lv et al. 2019; Zhao
et al. 2020).

Denitrification is one of the most important micro-
bial-loss pathways that may ameliorate NO;~ leach-
ing losses from greenhouse gas production (Wang
et al. 2019). Denitrification is a heterotrophic, anaero-
bic microbial process in which nitrogen (N) oxides,
nitrate (NO5"), and nitrite (NO,) are reduced to dini-
trogen (N,) via intermediate gaseous phases, nitric
oxide (NO), and nitrous oxide (N,O) (Butterbach-
Bahl et al. 2013). Thus, the magnitude of denitrifica-
tion in soil layers depends on anaerobic conditions,
NO;™ supply, and a source of easily degradable car-
bon substrates (McCarty and Bremner 1992). In
agricultural soils, denitrification may remove several
hundred kilograms of nitrate (NO;™), with the high-
est rates in irrigated, nitrogen-fertilized soils (Barton
et al. 1999), as in those soils a switch between aerobic
and anaerobic conditions frequently occur, promot-
ing a tight coupling of nitrification and denitrification
activity and loss of mineral N by denitrification; how-
ever, the application of straw or other organic matter
in soils may further stimulate N losses through deni-
trification (Wu et al. 2018).
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Denitrification in the soil layers of greenhouse
vegetable production is rarely studied. Earlier
research indicates that denitrification mainly occurs
in the topsoil horizon (van Cleemput 1998), although
significant denitrification activity has been found
in other sub-surface agricultural systems with high
N inputs, especially where organic C availability is
adequate (and in some cases added as part of man-
agement), for example in intensive farmland of North
China Plain (Yuan et al. 2019), a cereal crop field in
Japan (Kamewada 2007), and in an intensively man-
aged pasture in Ireland (Jahangir et al. 2012). In the
greenhouse systems included in this study, Zhou et al.
(2010) speculated that due to high irrigation and fer-
tilization and increased NO;™ availability in subsoils,
high denitrification rates might occur in subsoil lay-
ers, but experimental evidence was not provided.
Moreover, flood irrigation, i.e. the common irrigation
practice in intensive greenhouse vegetable produc-
tion, results not only in high amounts of nitrate leach-
ing but also in significant leaching losses of both dis-
solved organic carbon and nitrogen (DOC and DON)
(Luo et al. 1998; Lv et al. 2019). DON and DOC may
serve as an energy source for denitrification in sub-
soils, which would also explain observations about its
importance as a mechanism for the removal of excess
NO;~ (Bouwman et al. 2013; Fenton et al. 2009;
Sotomayor and Rice 1996).

Methods for measuring rates of denitrification
in soils have been reviewed e.g. by Groffman et al.
(2006). More recently, the work of Amaraz et al.
(2020) re-evaluated the strength and weaknesses of
the different techniques available, i.e. the acetylene
inhibition technique, the helium gas flow technique,
15 N-NO; tracing, > N-N,O pool dilution approaches,
measurements of N,:Ar ratios, or quantification of
clumped isotopes of N,. As the acetylene inhibi-
tion technique allows high troughput of samples at
low costs and is relatively simple to learn, Almaraz
et al. (2020) recommends the use of this technique
for comparing “instantaneous fluxes among sites
or experimental treatments”. The acetylene inhibi-
tion technique builds the basis for the denitrification
enzyme assay (DEA). DEA is commonly used to
determine the highest possible rates of denitrification
(i.e. the potential) and as well as to determine the lim-
iting substrates of soil denitrification Freschet et al.
2008; Groffman et al. 1999; Menendez et al. 2008).

The DEA uses the acetylene block, in which soil
samples are homogenized and placed in an anaerobic
environment with the presence of acetylene, which
blocks the production of the final product, N,, and
allows the accumulation of N,O, which can be eas-
ily measured on a gas chromatograph (Groffman
et al. 1999). This method is considered a maximum
potential rate and not an actual rate because the assay
is conducted using soil slurries in ideal conditions,
which include the addition of substrates (NO; and
labile organic carbon) and an anaerobic environment.
Therefore, the use of acetylene methods in calculat-
ing N balance should be treated with caution. Using
the results from DEAs with no additional substrates
added (i.e. with only the available substrates present
in the original sample) may help to better represent
actual rates, though the acetylene also blocks nitrifi-
cation and the possibility of coupled nitrification-den-
itrification, which would underestimate actual rates
(Groffman et al. 2006, Amaraz et al., 2020). Despite
the well-documented drawbacks of this method, it is
also the most common in ecosystem studies aiming
to understand controls of denitrification (Almaraz
et al. 2020), and has been used in other studies to
estimate N losses due to denitrification, even some-
times underestimating losses compared to other tech-
niques (e.g. Lin et al. 2021). This method further has
the advantage that a large number of samples can be
analyzed inexpensively, which allows understanding
of seasonal dynamics and reduces uncertainty; and it
also has the ability to assess controls such as limita-
tion by NO; or organic C (Groffman et al. 2006).
Understanding the role of denitrification in over-
all N losses and in the context of a nitrogen balance
for intensive greenhouse systems under different
management schemes (i.e. drip versus flood irriga-
tion, with or without straw incorporation) is critical
for sustainable management; yet, there is no study
available that we know of that quantifies this. Using
an N-balance approach, Ti et al. (2015) estimated that
1/3 of the applied N fertilizer in these greenhouse
vegetable systems in China may be lost as gaseous
N; however, no denitrification measurements were
made. Here we use DEA to determine potential deni-
trification rates (DR) and its controls along with the
soil profile to: (1) Quantify the effects of irrigation
schemes and straw application on denitrification in
different soil depths; (2) Determine whether NO;™ or
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C limits denitrification along with the soil profile; (3)
Identify growing season variation and quantify sea-
sonal losses of N estimated by denitrification; and (4)
Use estimates of N losses via denitrification to assess
its possible role in closing the N balance in the inves-
tigated greenhouse vegetable systems. We hypoth-
esized that the highest denitrification rates would
occur at the beginning of the cropping season follow-
ing basal fertilization with chicken manure and syn-
thetic N fertilizer, as easily degradable C and N sub-
strates are added, while the plant N uptake is still low.
Moreover, we hypothesized that denitrification would
be higher in soil treatments with flood irrigation and
straw addition, as this management practice is associ-
ated with higher soil moisture values and additional C
substrates for microbial activity are provided. Finally,
we hypothesized that denitrification would be mainly
limited by C rather than NO;~, given that high rates
of N fertilization in greenhouse soils and that denitri-
fication activity strongly declines with soil depth.

Materials and methods
Site description

Measurements of seasonal changes in denitrification
were carried out at the field station of the Tianjin Acad-
emy of Agricultural Sciences, Wuqing District of Tian-
jin City, China (N 39°25°35”, E 116°57°18”) during the
winter-spring tomato production season, from February
to May 2019. The site is located in the northern temper-
ate monsoon climate zone, with a 30 year (1987-2017)
annual mean air temperature of 12.5 °C, annual mean
precipitation of 518 mm, and annual mean sunshine
hours of 2392 (Meteorological Observation Station,
Wuqing). The solar greenhouse (dimensions: length
of 65 m, width of 8 m, and height in the range of 1 to
4 m) was built in 2011 and has been used since then for
tomato production in two seasons per year. Soils in this
region are calcaric gley-soils with a silty loam texture.
Characteristics of the soil in the greenhouse down to
1 m soil depth are given in Table S1.

Experimental design
Denitrification rates were measured in soils of five

treatments, which were replicated three times using
a randomized split-plot design. The treatments were:
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(1) Conventional flooding irrigation with over-ferti-
lization (CIF). This represents the local farmers’
practice;

(2) CIF + 8 t ha™! (or 3.5 t C ha™") of maize straw
(CIF+S). Local farmers’ practice with straw
added to maintain or increase soil organic car-
bon stocks;

(3) Drip irrigation with reduced fertilization (DIF),
representing recommended management to
reduce irrigation water and fertilizer use;

(4) DIF + 8 t ha™! (or 3.5 t C ha™!) of maize straw
(DIF+S);

(5) DIF + 3.8 t ha™! (or 2.1 t C ha!) biochar
(DIF+B), long-term treatment to study whether
the addition of biochar is suitable to increase soil
carbon concentrations.

Field preparation occurred on February 26, 2019,
before the transplant of tomato seedlings and con-
sisted of preparing the treatment plots and apply-
ing basal fertilizer. Each replicated plot consists of a
raised bed (0.7 m in width) with a walk-way (width:
0.5 m) in between. For CIF treatments, a small furrow
(width: 0.2 m, depth: 0.15 m) was dug in the middle
of each raised bed to allow for flood irrigation. Field
preparation also included the incorporation of basal
fertilizer [all 200 kg N chicken manure plus (1.45% N
and 13.2% C) 350 kg N chemical fertilizer (N-P,O5-
K,0, 17-17-17) for CIF treatments] and crushed
maize straw (2-4 cm) or biochar in the +S and +B
treatments into the top 20 cm of the soil by a rotary
machine (Table 1).

On the day of transplanting, CIF treatments were
flood irrigated with 94 mm, and then subsequently
flood irrigated every 10-15 days with 61 mm irriga-
tion water with enough chemical fertilizer dissolved
in the water to apply ~ 50 kg N ha™! (a practice called
fertigation) (Table S2). Irrigation water in DIF treat-
ments was provided by drip emitters, which were
spaced at 0.4 m intervals. DIF treatments were irri-
gated with 49 mm on the day of transplanting and
then irrigation frequency was 1-3 days with 3-5 mm
irrigation water, supplemented with 2-3 kg N ha™!
fertilizer, with amounts slightly varying depending
on crop growth stage and weather. The total ferti-
lizer rate was 800, 889, 314, 403, and 356 kg N ha™!
and irrigation amount was 460, 460, 190, 190, and
190 mm for CIF, CIF+S, DIF, DIF+S, and DIF+B,
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Table 1 Total nitrogen, carbon and water input to different treatment in greenhouse tomato production system

Treatments Fertilizer N Manure Straw Biochar Total N rate Irrigation (mm)
kg N ha™! kgNha™! kgNha™! kgCha' kgNha' kgCha™' kgNha!
Basal Top dressing Basal Basal Basal Basal

CIF 350 250 200 - - - - 800 460

CIF+S 350 250 200 89 3500 - - 889 460

DIF - 114 200 - - - - 314 190

DIF+S - 114 200 89 3500 - - 403 190

DIF+B - 114 200 - - 42 2100 356 190

CIF: conventional flood irrigation with over fertilization; CIF+S; CIF + Straw addition; DIF: drip irrigation with reduced fertiliza-

tion; DIF+S: DIF + straw addition; DIF+B: DIF + Biochar addition

respectively. Details of fertilizer and water applica-
tion are provided in Table 1 and Table S2.

Soil sample preparation and measurements

In all treatments, soil temperature (°C) and moisture
(volume %) were continuously measured at 12 cm depth
using a smart TDR sensor (Model: CS655, Campbell
Scientific). Water-filled pore space (WFPS) was calculated
from the volumetric soil moisture measurements using a
standard equation described in Liu et al. (2013).

Soil samples for denitrification enzyme assays were
collected for 0 — 20 cm and 20 — 40 cm depths after each
irritation and fertilization event, which was approximately
every 1-2 weeks, starting from 13 days after transplant-
ing (details dates of soil sampling presented in Table S2).
Additional bioassays were conducted for the 40-60 cm
and 80-100 cm soil layers three times during the grow-
ing season: (a) at the start (13 days after tomato seedling
transplanting (March 10, 2019)); (b) mid-season (day 52,
April 18, 2019); and (c) at the end of the season (day 83,
May 19, 2019). Soil samples were taken with a 4-cm soil
auger. The soil samples were sieved using 5 mm mesh
and stored at 4 °C in plastic bags before further process-
ing, which was no longer than 4 days after sampling.
Inorganic N concentrations were also measured in the
0-20 cm, 40-60 cm, and 80-100 cm soil layers three times
during the growing season.

Soil moisture content was determined gravimetri-
cally by oven drying samples at 105 °C for 24 h. For
soil ammonium (NH,*) and nitrate (NO;”) analy-
sis, 12 g fresh soil subsamples were sieved at 2 mm
mesh size and extracted with 0.01 M CaCl, at a
1:10 (w/w) soil to solution ratio and shaken for 1 h
at 300 rpm at 25 °C. The extracts were filtered with

a medium-speed qualitative filters (pore size 11 um;
Tongyongdiangi, China) and stored at -20 °C until
analysis (Fan et al. 2014). The filtrate was analyzed
for NH,* and NO;~ with a continuous flow ana-
lyzer, based on colorimetric chemistry (AA3, Bran &
Luebbe, Nordstadt Hamburg, Germany).

Denitrification enzyme assay and calculation of
cumulative denitrification rates

Rates of denitrification were measured using the
denitrification enzyme assay (DEA) (Fig. 1), which
is based on acetylene inhibition of the production of
N,, as described by Groffman et al. (1999, 2006) and
following a similar protocol to Malique et al. (2019).
The incubations were done in an anaerobic environ-
ment with and without additions of media contain-
ing substrates (NO; and a labile source of organic
carbon (glucose)). The addition of chloramphenicol,
which prevents microbial growth during the course of
the incubation, was used, so the assay is considered a
measure of the activity of the enzyme present in the
sample (Tiedje et al. 1989; Groffman et al. 1999, 2006).
DEA media solutions were prepared one day before
the experiments and stored in a refrigerator at 4°C. To
assess possible C or N limitation of denitrification, four
solutions were prepared: i) control (CK), (no substrate
addition); ii) NO; only (0.72 g L™! KNO; or 0.1 g N
kg~! ds™!); iii) C only (0.5 g L™! glucose or 0.2 g C
kg'ds™");iv) NO; + C (0.1 gNkg™'ds™' +02 ¢ C
kg~! ds™!). Chloramphenicol was added (0.04 g L™! or
0.1 g kg™ ds™") to all solutions. About 12.5 grams of
fresh soil (equivalent to ~10 g dry weight) and 10 ml
media were added into 125 ml flasks. The flasks were
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made gastight with butyl stoppers, and made anaero-
bic by alternating three times between evacuation and
flushing with 99.99% N, gas, each for about 30 sec-
onds. After that, flasks were brought to atmospheric
pressure by inserting a needle briefly before adding
10.2 ml of 10% acetylene (C,H,) to the headspace.
Flasks were transferred to a rotary shaker (125 rpm)
and incubated at 25°C for a total of 90 min. Gas sam-
ples (10 ml) were collected at 30 and 90 minutes in
airtight syringes and replaced with an equal volume
of N, to avoid pressure changes. Gas samples were
immediately analyzed for N,O by gas chromatography
with a gas chromatograph (GC-14A, SHIMADZU)
equipped with an Electron Capture Detector (ECD)
and a Hayesep Q column (3 m, 1/8”), using N, at 30 ml
min~! as a carrier gas, and a mixture of 5% CO, in N,
as make-up gas. The oven temperature was 40 °C, and
the detector temperature was 340 °C.

Denitrification rates were calculated based on the
changes in headspace N,O concentration (ppmv)
between 30 and 90 min. The N,O dissolved in the lig-
uid phase was calculated using the Bunsen coefficient
(0.632) (Groffman et al. 1999). All measured concen-
trations were converted to mass units by applying the
ideal gas law (Holland et al. 1999).

(NZO —Ngas+N,0 -N aqueous)90 -

non-sampling days for 83 days of the growing season
(i.e. Feb — May, total 83 days). Since the first meas-
urements were made 13 days after transplanting, we
assumed that the denitrification rate on day zero was
equal to the lowest measurements we made in the
whole season. This assumption is reasonable because
there is no irrigation or fertilization in the fallow
period (6 weeks) prior to transplanting and the soils
are therefore dry; however, we likely missed measure-
ments of high rates of denitrification that may have
occurred within the first 13 days due to basal fertiliza-
tion (and irrigation) which occur at the same time as
transplanting. Thus, we averaged the lowest measured
rate and the rate measured on day 13 and assumed
this rate over the initial 13 days in our calculation. We
used error propagation to calculate the overall uncer-
tainties of cumulative denitrification rates.

Calculation of N loss pathways
Gaseous losses of N,O, N, and NH;
We estimated N,O losses from the plots by using

daily or every other-day measurements of N,O fluxes
measured from the study plots, which were done

(NZO —Ngas+N,0-N aqueous)30 )

Denitrification rate =

(mass of dry soil X time)

Where: Denitrification rate (ng N g~! h™! dry soil)
was calculated as the rate of N,O production between
30 and 90 min, accounting for both gaseous and aque-
ous phases.

We calculated cumulative denitrification for the
growing season (83 days) in units of kg N ha~'by
first converting denitrification rates from the control
treatment (no added C or N) to areal rates using bulk
density and soil depth (including O — 100 cm layer),
and calculating daily rates assuming that denitrifica-
tion was constant over a 24 h period. We used the DR
measured from the control (CK) treatment (no sub-
strates added) rather than the potential denitrification
rates (the +C+N treatment) to provide a more real-
istic estimate of actual denitrification rates — i.e. the
maximum rate that could possibly be achieved with
the levels of C and N present in the soil if anaero-
bic conditions were present. Then, we used linear
interpolation to estimate the denitrification rates for
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using a static chamber technique and presented in Zhao
et al. (2021a). We used the cumulative N,O emissions
data for 83 days of the growing season (i.e. Feb — May
2019). These data were interpolated in a manner simi-
lar to denitrification rates as described above, and the
cumulative losses for the growing season were calcu-
lated. As these chamber measurements account for N,O,
we also needed to estimate losses of N,. For this, we
assumed that the denitrification measured with the use
of acetylene inhibition represented the sum of N,O +
N, losses. We, therefore, subtracted the chamber-based
N,O fluxes measured from the cumulative denitrifica-
tion rates and assumed this represented N, emissions.
We are aware that the denitrification measurements via
acetylene inhibition reflect the upper limit of actual den-
itrification in soils. We use this estimate together with
other N loss pathways (crop N uptake, N leaching and
soil N,O emissions) to evaluate whether denitrifica-
tion can, within error margins, close the N budget in



Plant Soil

_ Air tight sealed DEA media solutions Treatmentsolution
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Fig. 1 Schematic diagram of the protocol used to measure
denitrification and potential denitrification on basis of the
denitrification enzyme assay (DEA). Inhibition of the enzyme

these intensively managed greenhouse vegetable pro-
duction systems.

NHj; loss from volatilization was calculated from the
mean of 19 observations from five studies from inten-
sive greenhouse vegetable production in China Guo
et al. 2012a, b; Hao et al. 2012; Ju et al. 2011; Li et al.
2011; Ti et al. 2015). From these studies, the percent-
age of applied fertilizer due to NH; volatilization ranged
from 0.02 to 2.66 %, with a mean value of 0.8 + 0.2%.
We used this mean value applied to each treatment over
the 83 days growing season for the N balance.

N Leaching losses
Leaching losses for the study plots and the same

growing season were measured and presented by
Zhao et al. (2021a). Briefly, leaching losses were

nitrous oxide reductase of the denitrification chain was done by
adding 10 % of acetylene (C,H,) to the headspace of the vials

estimated by calculating soil water percolation rates
based on tensiometer readings and determining inor-
ganic and organic N concentrations in soil water at
90 cm depth. For this, suction cups were installed and
sampled daily for 3 d following each flood irrigation
event in the CIF treatments, and the same sampling
days were also used for DIF treatments. Details on the
suction cup installation and leaching losses methods
are reported in Lv et al. (2019).

Plant N uptake

Data on plant N uptake was taken from Lv et al. (2019),
as this work was carried out in the same greenhouse
and based on the same experimental design. Briefly,
tomato yield from approximately 50 plants (1 row of
plants) from each plot was measured throughout the
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season and subsampled for N content. Samples were
oven-dried at 75 °C for 48 h. Samples were ground in
a knife mill and then placed in a ball mill (MM200,
Germany) for preparation for analysis for total N by
an elemental analyzer (Costech ECH 4024, Italy). In
addition, at the end of the harvest, 3 number of plants
from each plot (including roots, stem, leaves) were
sampled to determine their N content.

Statistical analysis

A two-way analysis of variance (ANOVA) was per-
formed followed by Bonferroni’s multiple comparison
test to assess quantitative differences in denitrification
between management practices (plot treatments), soil
depths, sampling time, and substrate additions, with
p <0.05 considered to be significant. Data were pre-
sented as mean =+ standard error of the mean. Pear-
son correlation was used to investigate correlation
between denitrification rates with soil nitrate concen-
tration and soil moisture content. All statistical analy-
ses were performed using Prism 5 software (https://
graphpad-prism.software.informer.com/5.0/).

Results
Soil environmental conditions

Soil temperature in all treatments ranged from 11 °C
at the beginning to 23 °C towards the end of the
growing season (mean: 17.6 + 0.9 °C). Soil moisture
ranged from 39 to 76 % in CIF treatments (mean: 61
+ 3% WFPS) and for DIF treatments from 49 to 69 %
(mean: 59 = 3% WFPS, Fig. 2). While soil mois-
ture was relatively stable in DIF treatments, it varied
greatly with flood irrigation events in CIF treatments.

Extractable nitrate (NO;~) and ammonium (NH,")
soil concentrations in the field treatments, soil depths,
and sampling dates are shown in (Fig. S2). For all
three sampling dates, soil NO;~ concentrations in
the topsoil (0-20 cm) were >100 mg N kg™! dry soil
(ds); however, in deep soil, i.e. in the 40-60 cm and
80-100 cm layers, soil NO;~ concentrations were
mostly <100 mg N kg™! ds. Overall, the lowest values
most commonly occurred for the straw incorporated
field treatments i.e. CIF+S and DIF+S. Soil NH,*
concentrations in the topsoil as well as in the deep
soil were at least one magnitude lower (<10 mg N
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Fig.2 Observed changes in soil moisture (measured as
%WEFPS, solid lines) and soil temperature (dashed lines) for
the CIFs (Average of CIF and CIF+S) and DIFs (Average of
DIF, DIF+S and DIF+B) treatments. The black arrow shows
the initial flood irrigation on the day of transplanting of tomato
seedlings. Blue arrows indicate days of flood irrigation for
CIFs treatments, while “+” indicates that fertilizer was added
to the irrigation water (top dressing). DIFs treatments were fer-
tigated (irrigation water + fertilizer) every 2-3 days during the
growing season

kg~! ds) than soil NO;™~ concentrations and dropped
to <5 mg N kg~! ds for both samplings dates at mid
and end of the season. In most cases, there were no
significant effects of management practice nor soil
depth effect on soil NH,* concentrations.

Seasonality of denitrification rates

Rates of denitrification (DR) as measured in con-
trol (CK, no substrate added) varied largely (0.1 to
5.7 mg N kg™' d™!) across the tomato cropping sea-
son in the topsoil (0-20 cm) as well as in the subsoil
(20-40 cm) (Fig. 3). In topsoil, the highest DR were
observed in the first month of the cropping season,
i.e. with juvenile tomato plants. During this period,
DR in the topsoil reached up to 4.7-5.7 mg N kg™!
d™! for the treatments with straw addition (CIF+S and
DIF+S), while for the treatments without straw addi-
tions, maximum DR reached up to 4.4 mg N kg=' d~1.
DR in the subsoil were significantly lower for all plot
treatments during the first month, though maximum
rates were still observed for the straw treatments with
values up to 1.0 mg N kg™ d~! (Fig. 3). Across all
treatments and for both soil layers, (i.e. for 0-20 cm
and 20-40 cm), DR declined towards the end of the
cropping season, only a maximum of 1.2 mg N kg™
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rates (CK:water addition only) as observed in topsoil
(0-20 cm) and subsoil (20-40 cm) for different treatments
(CIF;CIF+S;DIF;DIF+S;DIF+B) during tomato growing
period. Given are means + SE of three replicates. Blue arrows

d~!in 0-20 cm soil depth and <0.2 mg N kg™' d™! in
20-40 cm soil depth (Fig. 3).

The highest mean cumulative denitrification from
the topsoil and subsoil were observed for the CIF+S
treatment (368 +117 kg N ha™! and 54 + 16 kg N
ha™! respectively) (Table 2) while the lowest rates
were observed for the DIF treatment (65 + 18 kg N
ha~'for topsoil and 12 + 2 kg N ha™! for the subsoil)
(Table 2). Overall, cumulative denitrification for the
first 40 cm of soil, i.e. topsoil plus subsoil, declined
in the following order: CIF+S > CIF > DIF+S >
DIF+B > DIF (“>” indicates significant differences
at p<0.05 while > indicates not significant).

Rates of denitrification in the deep soil layers,
ie. in 40-60 cm and 80-100 cm soil depth, were
measured three times: at the beginning (day 13), in
the middle (day 52), and at the end (day 83) of the

indicates that fertilizer was added to the irrigation water (top
dressing). DIFs treatments were fertigated (irrigation water +
fertilizer) every 2-3 days during the growing season

growing period (Fig. 4). Compared to mid-season,
denitrification was generally higher towards the end
of the season for both deep soil layers, with deni-
trification rates being, in most cases, not different
between treatments. The maximum denitrification
rate in the 40-60 cm soil layer reached up to 0.07 mg
N kg=! d7!, while in the 80-100 cm soil layer, the
maximum was 0.28 mg N kg~! d~!, observed at the
start of the season (Fig. 4).

C and N limitation of soil denitrification rates

Generally, the addition of NO;™ to soil samples taken
from the different plot treatments and different soil
depths did not stimulate denitrification compared to
controls (Fig. 5; Table 2), with the exception of sub-
soil from CIF+S and DIF4S treatments, indicating
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Table 2 Cumulative denitrification (CK, NO; and Glucose-C) and potential denitrification (NO3;+C) for the topsoil (0-20 cm), sub-
soil (20-40 cm) and the 0-40 cm layer for different field treatments

Treatments Cumulative denitrification and potential denitrification losses ( kg N ha™!)

0-20 cm 20-40 cm > 0-40 cm

CK NO;, Glucose-C CK NO, Glucose-C NO3+C CK

mean+SE mean+SE mean+SE mean+SE mean+SE  mean+SE mean+SE mean+SE mean+SE
CIF 264458 329461°4 49341158 5944119°B 21494 2547%A 284474 624348 285467°
CIF+S 36841174  587+134°®  873+172°C 10544153 544164  79+37°B  99432%B 150+46°C 4224133
DIF 654184 89+36°A 268+71°® 333481 124234 2145%A 2446 28+10°%  76+20°
DIF+S 268478 227+79°%  513+127*B  678+99% 134334 42412%BC  3044%AB  65414%C 2814817
DIF+B 114£19%4  78+16%4 1314314 176409 134234 174654 1745 35474 127422°
Mean 2164584 2624654  456+103%  567+998 23+74 37+13%  40+10%B  68+22B

CIF: conventional flood irrigation with over fertilization; CIF+S; CIF + Straw addition; DIF: drip irrigation with reduced fertiliza-
tion; DIF+S: DIF + straw addition; DIF+B: DIF + Biochar addition. Different small letter superscripts indicate significant differ-
ences (P<0.05) within a column, while different capital letter superscripts indicate significant differences (P<0.05) within a row for a
given soil depth

Values were calculated for the period 26.02.19 to 19.05.19 (or 83 days), i.e. the tomato growing season, based on linear interpolation

between measuring dates and by considering measured bulk density values

that denitrification is likely NO;™ limited in these
plots. However, adding glucose as a carbon source
significantly (p<0.05) stimulated DR in the topsoil
of all plot treatments (0-20 cm) by 124 - 416 %. This
was not statistically significant in the sub- or deep soil
layers (Fig. 5), though there was a clear tendency that
glucose additions stimulated denitrification. NO;~ +
C did not result in significant stimulation of potential
denitrification rates compared to only glucose-C addi-
tion, except for in the straw addition treatments for
both CIF+S and DIF+S in the top and subsoil layer
(Fig. 5).

Contribution of denitrification N losses to the total N
balance

Combining measurements across the soil profile from
0 to 100 cm, total seasonal denitrification for the 83
days growing season, N losses ranged from 113 to
478 kg N ha™! across all treatments (Table 3). The
highest cumulative denitrification N losses were
calculated for the treatments with straw addition,
i.e. CIF+S and DIF+S, whereas the lowest losses
occurred for drip irrigation with reduced fertilization
(DIF). Total seasonal N losses over the 83 days grow-
ing season in the form of soil N,O emissions ranged
from 1.7 to 27.4 kg N ha™! (Table 3, Zhao et al.
2021a). Thus, in relation to total N fertilization rates
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(314-889 kg N ha™!), soil emissions of N,O were
marginal (0.4 — 3.1 % of applied N), while losses due
to denitrification (N,O+N,) appear to account for 36 -
80 % of applied N (Table 3).

Figure 6 shows the results of the N balance cal-
culations for the different plot treatments exclud-
ing the biochar treatment as we did not have data
for N leaching losses and N plant uptake. For the
treatments CIF, CIF+S, and DIF, N losses equaled
fertilizer input within error margins, while for the
DIF+S treatment, N outputs were most strongly,
though not significantly, negative, suggesting reduc-
tions of soil N stocks. It should be noted that plant
N uptake in both CIF treatments accounted for only
about 19-21% of the N input, while for the DIF
treatments, the N uptake percentage was in the range
of 36-44 %. Moreover, N, losses due to denitrifica-
tion were, in all cases, higher as N leaching losses
(Fig. 6).

Discussion

In our study we used the acetylene inhibition tech-
nique, which builds as well the basis of the denitri-
fication enzyme assay (DEA) (Groffman et al. 1999),
to quantify actual and potential denitrification rates
in greenhouse soils. While the technique has known
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drawbacks such as e.g. a tendency to underestimate
actual rates of denitrification (Groffman et al., 1999),
it also has its strengths compared to other methods
such as the helium gas flow technique (Butterbach-
Bahl et al. 2002) or the ' N-NO; tracing (e.g. Weier
et al. 1993a, b), as it allows to handle and run a high
number of replicates, which is needed to compare
instantaneous fluxes among sites or experimental
treatments.

In this study, we used the DEA approach to quan-
tify the growing season variation of denitrification
in different soil depths and how they are affected by
irrigation management (drip or flood), straw, and fer-
tilizer management in intensive greenhouse vegetable
production systems. The DEA approach measures
potential denitrification rates and allows us to assess
whether denitrification is C, NO;, or co-limited by
C and NO;™. As incubations are run under strictly
anaerobic conditions, this study’s measured denitri-
fication rates probably represent the upper threshold
of actual denitrification rates expected in situ. This
is specifically true as soil moisture values in the top-
soil (0-20 cm) in both water management systems,
i.e. conventional flood irrigation (CIFs treatments) as
well as in the drip irrigation (DIFs) treatments, were
on average ~60 % WFPS, i.e. at the threshold at which
denitrification starts to kick in as a respiratory path-
way (Davidson et al. 2000). Despite the uncertain-
ties, the DEA method has been widely used in studies
aiming at quantifying denitrification rates and losses
from agricultural and natural systems (Almaraz et al.
2020; Barton et al. 1999; Groffman et al. 2006; Lin
et al. 2021).

Effects of water, fertilizer and straw management on
soil denitrification

Our study supports our hypothesis that interac-
tive effects of water, fertilizer, and straw manage-
ment on soil denitrification exist and that DR are
highest at the start of the growing season following
basal fertilization and at a period of time with low
crop N uptake. Across all treatments, denitrifica-
tion activity during the first month of the growing
season equaled 60-77 % of the cumulative seasonal
denitrification. The seasonal decline in denitrification
activity was most pronounced for the topsoil, while
hardly any seasonal changes in deep soil denitrifica-
tion were found. Overall, topsoil DR were at least

one magnitude higher than rates observed for subsoil
and deep soil layers (Table 2; Fig. 4), a difference
which also has been noted before in other studies
(Jahangir et al. 2012; Zhou et al. 2010), and in a case
study investigating DR in soils of intensively farmed
fields in the North China Plain (Haijing et al. 2019).
Jahangir et al. (2012) also reported significant DR in
subsoils, which was confirmed by our study as well.
Despite the lower rates compared to topsoil rates,
deep soil denitrification still contributed substantially
(5-14%) to the total denitrification. We also found
that DR were significantly lower in soils irrigated by
drip irrigation than by those irrigated by flood irri-
gation, and the incorporation of straw significantly
stimulated topsoil denitrification (Table 2; Fig. 4).
However, it is not possible to disentangle the effects
of water and fertilizer management as both water and
fertilizer were mixed before application with approxi-
mately two times higher total N application rates for
the CIF treatments than the DIF treatments (Table 1).
With regard to N additions, it is well established that
denitrification generally increases in soils receiving
higher application rates of nitrogen fertilizer and irri-
gation water, as it results in higher soil nitrate concen-
trations not only in topsoil but also in deep soil and
thus, increases of substrate availability for denitrifiers
(Burton et al. 2008; Lin et al. 2017; Yao et al. 2020).
Our study also found a positive correlation between
DR and soil NO;~ (Fig. S3a). Irrigation is also well
known to cause hot moments in denitrification as
increased soil moisture content creates more anaero-
bic micro-sites, thereby initializing and stimulating
denitrification activity (Barakat et al. 2016; Thomas
et al. 2019; Vogeler et al. 2019; Zhang et al. 2018; see
also Fig. S3b). Based on a literature review, Barakat
et al. (2016) point out that flood irrigation enhances
environmental N losses via leaching and denitrifica-
tion, while drip irrigation “seems to be the technique
with the least unwanted impacts”.

As we hypothesized, straw-amended treatments
had a significantly positive effect on denitrification
(cumulative DR in the top- and subsoils of the CIF+S
increased by 39% and 157 % respectively, and in the
DIF+S treatment by 312 % and +8 % (Table 2; Fig. 3).
The stimulating effect of straw incorporation on soil
denitrification is well described in the literature and
is likely due to three effects: (a) supply of extra C
substrate for denitrification (Chen et al. 2013; Weier
et al. 1993a, b; Wu et al. 2018); (b) increase of soil
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Fig. 4 Observed rates of denitrification in three different soil
depths (x-axis: 0-20, 40-60 and 80-100 cm), at three sampling
dates (columns: beginning, middle and end of growing sea-
son), and for the various treatments investigated (rows: CIF,
CIF+S, DIF, DIF+S, DIF+B). Shown are means (+SE) of
three replicates. Different small letter superscripts indicate sig-
nificant differences (P<0.05) of denitrification rates between
the substrates addition for a given sampling date, soil depth
and treatment. Different capital letter superscripts indicate sig-
nificant differences (P<0.05) of denitrification rates between
different soil depths for a given substrates, sampling date and
treatment

anaerobiosis as soil respiration is stimulated due
to the breakdown of newly-added organic matter
(Cleveland et al. 2007); and (c) additional supply of
N substrate due to ammonification of organic matter
(Chen et al. 2013), though N immobilization, leading
to reduced availability, can also occur if the C:N ratio
of the added straw is >40 (Yao et al. 2010; Yang et al.
2018). The addition of biochar (DIF+B treatment)
did not significantly increase denitrification in top- or
subsoil, most likely as biochar is rather resistant to
decomposition (Lehmann et al. 2009), especially as
here we used biochar obtained via pyrolysis of parent
vegetable residues and processed at 450 °C which
likely reduced the availability of labile organic carbon.

What is limiting soil denitrification? Carbon or NO5~
availability, or both?

The relative availability of carbon (C) and nitrate
(NO;™) substrates in soil has a significant effect on
total denitrification (Miller et al. 2008) and anaero-
biosis is regarded as a primary control of denitrifica-
tion (Andreae and Schimel 1989). Our experimental
results clearly show that carbon substrate availability
limited denitrification in the topsoil, as evidenced by
the fact that additions of glucose-C stimulated deni-
trification by 121-416 % across all treatments. These
results agree with our third hypothesis that denitri-
fication in greenhouse vegetable soils are mainly
limited by C. Similarly, Lei et al. (2010) and Ren
et al. (2014) reported that average soil organic car-
bon (SOC) concentration in the greenhouse soils in
Shouguang, Shandong province, China is <12 g kg™!,
which is below the threshold of 20 g C kg~ at which
soil microbial microbiome is seriously degraded
(Loveland and Webb 2003). Weier et al. (1993)
also showed that easily decomposable C substrate
increases the conversion of N,O to N, in wet soils,

which is consistent with our results showing high DR
in the wetter soils (Table 2). The availability of suf-
ficient C stimulates the flow of electrons driving deni-
trification, further promoting the last step of denitri-
fication (Weymann et al. 2010). Chen et al. (2018)
concluded that the low DR in deep soil should not be
only attributed to low abundance of denitrifiers, but
due to the low availability of substrate caused by low
carbon availability. Most of the studies reported simi-
lar conclusions of C limitation in subsoil of different
agriculture systems after incorporating C substrates
or dissolved organic carbon and the addition of which
could be a potential method to reduce nitrate leaching
by enhancing subsoil denitrification (Jahangir et al.
2012; Qin et al. 2017).

In this study, generally, we didn’t observe a sig-
nificant effect of NO;™ addition on denitrification
rates, which may be due to high NO;™ concentrations
already present in the soil. NO; was limiting only
for the straw addition treatment (in both the top and
sub-soil). Senbayram et al. (2012) reported that a sig-
nificant stimulation of denitrification by addition of
NO;™ may only occur when soil NO;~ concentration
is < 20 mg NO,™-N kg~! dry soil, while in our study,
topsoil NO;~ concentrations were in all treatments
>100 mg NO;™-N kg~! dry soil due to fertilization

rates well above >300 kg N ha~! season™".

Nitrogen balance under the greenhouse tomato
production system

Our study is the first one presenting a full N bal-
ance based on measurements of soil denitrification
for intensive vegetable production systems in China.
Moreover, estimates of plant N uptake, nitrogen
leaching losses, and soil N,O emissions are based on
measurements carried in the frame of the same exper-
iment (Lv et al. 2019; Zhao et al. 2021a). Measuring
denitrification is rather difficult task in the field and
previous studies used un-accounted for N in mass bal-
ance approaches to estimate N-losses via denitrifica-
tion at 35-40 % (Castaldelli et al. 2020; Qasim et al.
2021; Ti et al. 2015). These estimates are slightly
lower than our estimated N losses via denitrification,
which was about 50 % (36 — 80 %; Table 3) across all
treatments. This difference could be due to different
soil management practices, especially the incorpora-
tion of straw stimulates DR in our study.
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Fig. 5 Percent stimulation rates of denitrification due to the
addition of either NO;-, Glucose-C or NOj;- plus Glucose-
C to anaerobic soil samples in comparison to water additions
only (DEA approach). Shown are results for the different treat-
ments as mean + SE values for nine (topsoil, 0-20 cm; subsoil,
20-40 cm) or three (deep soil layers 40-60 cm and 80-100 cm)
sampling dates and three replicates per soil layer and sampling

We are aware of the limitations of DEA with
acetylene block approach, including that it may suppress
microbial respiration (Zhang et al. 2009), and the
inhibition of N,O reduction to N, might be incomplete
with acetylene (Jury et al. 1982). We also know that
these denitrification measurements likely represent the
upper limit of actual denitrification, though may also
have the possibility to under-estimate denitrification
due to the inhibition of coupled nitrification-
denitrification (Almaraz et al. 2020; Lin et al. 2021).
Even in view of all uncertainties associated with using
DEA approach and scaling soil denitrification to N
budget, our N balance shows that the measured DR
are in a logical range and that such measurements are
helpful to constrain the fate of added fertilizer N. We
were rather surprised, that by considering measured DR
we were able to close the N balance of CIF, CIF+S, and
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date. Different capital letter superscripts indicate significant
differences (P<0.05) of denitrification rates between various
substrate additions. Different small letter superscripts indi-
cate significant differences (P<0.05) of denitrification rates
between treatments for a given substrate. * indicate significant
difference of denitrification rates as compared to the control
(water addition only)

DIF treatments within standard error margins. Only for
DIF+S, the N balance was negative (26.5 %), indicating
that straw addition in combination with drip fertigation
may result in a net removal of N from the soil N stocks.
The applied N in DIF+S (403 kg N ha™') with less
irrigation (190 mm) remains for a longer time in the
soil layers (0-100 cm) and the incorporation of straw
helps to provide sufficient C to denitrifiers in converting
NO;™ to N,,.

Conclusions

Our results show that N losses due to soil denitrifica-
tion are at approximately the same magnitude as nitro-
gen leaching and that straw addition strongly stimu-
lates denitrification. We even found some evidence that
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Table 3 Total loss of applied N in kg N ha™! (mean + SE) and
as % of applied fertilizer N due to N, losses from denitrifica-

calculated for the 0-100 cm soil layer using the control (water
addition only) values of the DEA approach

tion and as soil N,O emissions. Denitrification N, losses were

Treatments Fertilizer N rate Denitrification (0-100 cm) Soil N,O emissions
Total Total percent loss of applied Total percent loss of
kg N ha™! kg N ha™! fertilizer (%) kg N ha™! applied fertilizer

(%)

CIF 800 317+73% 39.7+9.1 10.9+4.7% 1.4+0.6

CIF+S 889 478+147° 53.8+16.5 27.4+6.6° 3.1+0.7

DIF 314 113+30° 35.9+9.5 3.2+1.4° 1.0+£0.4

DIF+S 403 322494 79.84+23.3 1.7+0.8° 0.4+0.2

DIF+B 356 151425 42.4+7.0 1.8+0.9° 0.5+0.2

Mean 552 276+74 50.3+13.4 9.0+2.9 1.3+0.5

CIF: conventional flood irrigation with over fertilization; CIF+S; CIF + Straw addition; DIF: drip irrigation with reduced fertiliza-
tion; DIF+S: DIF + straw addition; DIF+B: DIF + Biochar addition. Different small letter superscripts indicate significant differ-
ences (P<0.05) within a column

Values for N,O emissions were obtained by chamber measurements (Zhao et al. 2021a). Values were calculated for the period

26.02.19 to 19.05.19 (or 83 days), i.e. the tomato growing season, based on linear interpolation between measuring dates and by con-
sidering measured bulk density values
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Fig. 6 Nitrogen input and output balance for different treat-
ments of the investigated greenhouse tomato production sys-
tem. Denitrification N, losses were calculated for 1 m soil
depth based on the DEA approach, with water addition only
(control). From these values measured cumulative soil N,O
emissions (Zhao et al. 2021a) were subtracted. Cumulative
leaching losses in form of NO;~ and DON were provided by

Zhao et al. Both, soil N,O emissions, as well as nitrogen leach-
ing losses, were measured in the frame of the same experi-
ment. Values for plant N uptake were taken from Lv et al.
(2019) with same experimental design, while estimates on soil
NH; volatilization were based on a literature review (see Meth-
ods). Given are mean values + SE
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straw addition may result in the reduction of soil mineral
N stocks. This is a rather positive message, given that the
mineral nitrogen present in these soils still far exceeds plant
demand which in some studies has already been shown to
diminish crop yields due to N salinization effects (Qasim
et al. 2021). Furthermore, straw also significantly reduces
nitrogen leaching losses (Lv et al. 2019) which may not
only be used to increase soil respiration and to increase soil
C stocks but also for the restoration of greenhouse soils due
to over-fertilization. While our study has arrived at similar
conclusions as other studies, this work nonetheless points to
the necessity of further developing alternative greenhouse
management systems to evaluate the most optimal way
to mitigate N loss pathways. More comprehensive stud-
ies with more reliable techniques are required to quantify
seasonal and cumulative DR and constrain the contribution
of denitrification N, in the total N output budget in green-
house vegetable systems.
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